Micro-transfer printing technology is rapidly emerging as an effective pathway for large-scale heterogeneous materials integration. In its basic embodiment, micro-transfer printing is used to deterministically transfer and micro-assemble prefabricated structures/devices, referred to as "ink," from a donor substrate to a receiving substrate using a viscoelastic elastomer stamp, usually made out of polydimethylsiloxane (PDMS). Laser Micro Transfer Printing (LMTP) is a laser-driven non-contact variant of the process that makes it independent of the receiving substrate's properties, geometry, and preparation. In this paper, an opto-thermo-mechanical model is developed to understand how the laser beam energy is converted to thermally-induced strains around the ink-stamp interface to initiate the ink delamination process. The optothermo-mechanical model is developed based on decoupling the optical absorption physics from the thermo-mechanical model physics. An optical absorption model for the laser beam energy absorbed by the ink is first developed and verified experimentally to estimate the heating rates of the ink-stamp system, which in turn are used as an input for a couple thermomechanical Finite Element Analysis (FEA) model. Further, high speed camera recordings for LMTP delamination are used to calibrate the thermo-mechanical model and verify its predictions. Besides providing a fundamental understanding of the delamination mechanism and the LMTP process capabilities, the developed opto-thermo-mechanical model is useful in selecting process parameters (laser pulse duration, stand-off distance), estimating the ink-stamp temperature rise during the LMTP process, and quantifying and decomposing the stresses at the ink-stamp interface to its main sources (Coefficient of Thermal Expansion (CTE) mismatch and thermal gradient strains).
Introduction
Micro-transfer printing, due to its simplicity, accuracy, repeatability, and large-area substrate printing capabilities, is rapidly emerging as an effective method to enable large-scale heterogeneous materials integration (examples shown in Figure   1 [1] [2] [3] [4] [5] [6] ). In its basic embodiment, micro-transfer printing is used to deterministically transfer and micro-assemble prefabricated structures/devices, referred to as "ink," from a donor substrate to a receiving substrate. The mechanism of ink pick-up and release is based on modulating the adhesion energy kinetically between the ink and a viscoelastic elastomer Page 3 of 35 stamp [7] , usually made out of polydimethylsiloxane (PDMS). To enhance and extend the transfer printing technology capabilities and performance, several contact mode variants of the process have been introduced by modifying the stamp's geometry (patterned stamps [8] , pedestal-shaped stamps [9] , and microtipped stamps [1] ) or enhancing the transfer mechanism (shear-enhanced [10] and fluidic-chamber actuated [11] ). Recently, Laser Micro Transfer Printing (LMTP) has been introduced [12] [13] to enable non-contact printing, allowing the transfer printing performance to become independent of the receiving substrate's properties, preparation, and geometry (examples shown in Figure 2 ). The LMTP printing cycle starts by selectively picking-up ink from a donor substrate with a patterned PDMS stamp ( Figure 3-a and 3-b) , then positioning the ink above a desired location on the receiver substrate at a stand-off height (Figure 3-c) , and then pulsing a laser to drive the release of the ink from the stamp (Figure 3-d) . Since the ink pick-up and transfer steps are similar to microtransfer printing, the LMTP process is different in terms of the release mechanism that is based on generating laser-induced thermo-mechanical stress at the ink-stamp interface. A NIR laser beam (805 nm wavelength with ~ 700 µm spot size) is transmitted through the glass stamp holder and the PDMS stamp and absorbed by the ink, usually Si or GaAs. The laser beam power absorbed by the ink heats the ink which, in turn, transfers heat to the PDMS stamp, raising the ink-stamp interface temperature. Due to the low thermal conductivity of the PDMS, a localized hot zone is developed in the PDMS in the vicinity of the ink-stamp interfaces. The PDMS in this zone expands because of its large CTE (310 ppm/ o C). Constrained by the silicon ink (CTE 2.6 ppm/ o C) and the surrounding unheated PDMS, this expansion is accommodated by the development of a curvature or bulge at the contact interface. The curvature gives a rise to a bending moment that stresses the ink-stamp interface normal to the interface direction (opening mode) and along the interface (shear mode). Further, the sharp thermal gradient at the ink-stamp interface edges loads the ink-stamp interface in both directions (open and shear modes). Once the stored strain energy, measured by the Energy Release Rate (ERR), at the interface reaches the work of adhesion of the inkstamp interface W, the delamination crack, at the perimeter of the ink, propagates inwards to release the ink from the PDMS stamp.
Our previous work [14] , using high-speed camera observations, studied the delamination time, the time interval from the start of the laser pulse to the start of the delamination of the ink, for square silicon ink. Li et. al [15] used an analytical axisymmetric thermo-mechanical model to estimate the ERR for the LMTP process based on the CTE mismatch strains.
Using such an approach, the ERR is then used to estimate the delamination time based on Griffith's criterion for a given work of adhesion of the ink-stamp interface. In this paper, the focus will be on developing a coupled thermo-mechanical Finite Element Analysis (FEA) model to understand and decompose the effect of both, the CTE mismatch at the interface, and the thermal gradient strains within the PDMS stamp to study and predict the LMTP delamination process behavior at different printing conditions.
Experimental Setup
A laser printer is designed with a print head that uses an 805 nm wavelength, electronically pulsed, continuous wave laser diode source to generate laser pulses with a minimum pulse duration of 1 msec. The laser beam power is controlled by varying the diode current to generate variable beam power in the range of 0 -30 W. The laser beam is transmitted through a 200 µm diameter optical cable to the print head, folded through a 90 degree angle, and focused at the plane of the ink-stamp interface. A dichroic mirror that reflects at 805 nm but transmits in the visible band allows imaging during the printing process, as shown in Figure 4 . Using numerically controlled XYZ stages with an accuracy of ±0.5 µm and a bidirectional repeatability of ±0.3 µm over 100 mm travel range, the printer (see Figure 5 ) has the capability to precisely position the print head relative to the donor and receiving substrates. Further, A LabVIEW ® (National Instruments) software interface is designed to automate the steps in the LMTP printing cycle. More details on the printer design and components can be found in [14] .
LMTP Process Modeling
Understanding the mechanism of delamination during the LMTP process requires integrating the effects of multiple physical phenomena involved in the process. Therefore, the modeling approach is based on first developing an optical absorption model under the assumption that absorption during the LMTP process is decoupled from the thermo-mechanical physics. The optical absorption model is used to estimate the heating rate of the ink during the LMTP process which, in turn, is used as an input to the coupled thermo-mechanical FEA model. In our previous paper on the delamination mechanism [14] , a transient coupled FEA thermo-mechanical model was developed to estimate the stresses, strains, temperature gradient, and temperature fields during the LMTP process using COMSOL Multiphysics ® (COMSOL, Inc). However, to extend this to the onset of delamination; so as to understand, control, and predict the delamination process behavior, the fracture mechanics 
Optical Absorption Model
As a result of optical absorption, the laser beam intensity transmitted through the ink drops exponentially as described by the Beer-Lambert law [16] . Therefore, once the laser beam enters the ink material, it is transmitted through the material, undergoing some transmission losses. When the beam encounters a boundary, a portion is internally reflected. This is repeated as the beam consecutively encounters the top and bottom surfaces of the ink. The total power absorbed by the ink (P b ) in all passes is the summation of the absorption in each passage. Therefore,
where n is the number of times the beam passes through the ink. If R T is the reflectivity of the top ink interface, R B the reflectivity of the bottom ink interface, α is the absorption coefficient for the ink material at the wavelength of the laser radiation, h s is the ink thickness, and P a is the power of laser beam incident on the ink, then the power absorbed in the i th pass (P i ) is given by (for more details, see [14] ):
where Since the laser beam energy profile is mesa-shaped, with a flat-top that can circumscribe a square with a 400 µm side and of the ink (justified by previous results from FEA simulations that show that there is no temperature gradient within the ink due to the high thermal conductivity of silicon), the estimated and measured heating rates are shown in Figure 8 . Larger ink thicknesses usually exhibit lower heating rates due to the large ink thermal mass even though the amount of power absorbed by thicker inks is higher. The uncertainty in the measurements of the heating rates are larger for thinner inks since the difference between the two laser pulses energy (with and without the ink) is low compared to measured pulse energy (low S/N ratio).
Delamination Time Experiments
The effect of varying 200×200 µm square silicon inks' thicknesses (3, 10, 30, 50 µm) and laser beam power levels (10, 15, 20 A) has been investigated to estimate the pulse duration of the laser required to start the delamination process. Figure 9 shows the trends for the delamination time, obtained from the experiments using a high speed camera at frames rate of 8000 Further, the experiments show that for all ink thicknesses, the delamination process is stable, where the crack propagation progress can be terminated and reversed (crack closing) by having the laser pulse duration slightly less than the delamination time. Such behavior occurs because, while the discontinuity at the edge of the ink is sufficient to initiate the delamination crack, a continuous supply of thermal energy by the laser beam is required to maintain the ERR at the interface above the work of adhesion of the interface to drive the delamination to completion.
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Thermo-Mechanical Model Development
A coupled 3D transient thermo-mechanical model is developed in ABAQUS using reduced integration quadratic coupled temperature-displacement elements accounting for the large material deformation. The model input is the uniform heating rate estimated from the optical absorption model in section 3.1 as a body heat source in the silicon ink. The model assumes linear elastic material behavior where the material properties are listed in [14] . To ensure independence of mesh size, it would be necessary to evaluate finer meshes than the 10 µm equally sized cubical elements for the 3D FEA model. However, the computational power and time grow exponentially with reducing mesh size. Therefore, we first evaluated the use of an equivalent axisymmetric model, a 3D cylindrical model with the same mesh size (10 µm) and equivalent areas (ink diameter 225 µm and post diameter 450 µm). The results for square 3D model, cylindrical 3D model, and the axisymmetric at different global meshing sizes models are shown in Table 1 . The results indicate that the cylindrical or the axisymmetric model can be used to reasonably approximate the printing of the square inks, neglecting the corners effect. Further, from the axisymmetric model results, the stresses, strains, and strain energy density fields are mesh-dependent due to the geometry singularity at the interface edges. On the other hand, the primary element variables (displacements and temperature) and the fracture mechanics quantities (ERR, SIFs) are mesh-independent. The values of these mesh independent variables converge if the global mesh size is around 1 µm. Figure 11 shows the ERR as a function of the laser pulse time for the different models in printing 200×200×3 µm ink at the 10 A current level. The ERR for the 3D square model is higher at the corners compared to the other location at the interface edges. Moreover, the 3D cylindrical model and the axisymmetric models have ERRs in between the two values of EERs at the corner and the edge from the 3D square model, being closer to the ERR at the edge. Since the ERR has to equal the work of the adhesion at each individual location at the crack, the axisymmetric model is expected to overestimate the ERR values at the square ink edge.
In experiments involving printing equivalent area square and round inks, round inks require less time to print (4-10 %) compared to square inks. This agrees with the axisymmetric model's estimate of a higher ERR at the interface edge. In summary, the axisymmetric model with 1 µm meshing element size can be used to estimate the printing of square inks using the LMTP process.
Axisymmetric Model Results
Using the axisymmetric model, the fields for the thermo-mechanical variables at delamination start time (measured in section 3.2) are shown in Figure 12 respectively. Since the traction at the interface is equal, the stress fields in mode I and mode II direction are continuous and smooth, while the strains fields in both directions are discontinuous, especially at the interface edge, due to the large mismatch in Young's modulus at the interface. Thus, the locations of maximum stress, strain, and strain energy density points are always at the interface edge in the axisymmetric model (at the corners for 3D square model). roughly the same delamination time and at a lower temperature compared to thick inks (30 and 50 µm). Further, thick inks print almost at roughly the same interface temperature. The rate of change of interface temperature is higher for thin inks (3 and 10 µm) compared to thick inks (30 and 50 µm) and increases with laser current. Finally, under all conditions the rate of temperature change is highest for 10 µm inks, suggesting that at these power levels, the 10 µm inks thickness give the best balance between the thermal energy stored in the ink and that transferred to the PDMS stamp.
During printing, when inks with different thicknesses are printed using the same stamp dimensions, the heat flux from the silicon ink to the PDMS can be considered as a measure for both: the rate at which thermal energy is converted into strain energy, and its localization around the ink-stamp interface. Therefore, heat flux output from the FEA model (see Figure 14 -a, 14-b, and 14-c for 10 A, 15 A, and 20 A, respectively) suggest that time constant for heat flux depends on the ink thickness (longer time constant for thicker inks). The heat flux graphs in Figure 14 show that the initial heat flux is highest for thin inks (low ink heat capacity). Further, thin inks (3 µm and 10 µm) almost reach a steady state heat flux within the delamination time, while the heat fluxes for thick inks (30 and 50 µm) are still increasing when delamination occurs at all laser beam power levels. The high heat flux for thinner inks at the start of the heating cycle (fast heating for PDMS) leads to higher temperature gradients in the PDMS, in turn, leading to a more highly stressed interface and a shorter delamination time. For thicker inks, the heat flux is lower at the start of the heating cycle (slow PDMS heating).
The ERR at the crack tip was estimated using the J-integral method for the printing of different ink thicknesses and different laser current levels (see Figure 15 ]). However, the results clearly indicate that the critical ERR depends on the ink thickness, which is not expected. A plausible reason for this follows from the fact that heating of the inkstamp stack system for the same ink thickness at different power levels generated almost the same interface temperature rise that leads to approximately the same ERR at the delamination point. Therefore, the delamination process is dominated by the temperature of the interface. For thick inks (30 and 50 µm), which print at higher temperatures, the work of adhesion between silicon and PDMS may be higher and constant, causing the ERR at the delamination point to be almost the same. For thinner inks, where the delamination temperatures are in the 200 degree C range, the work of adhesion of the interface is still changing and hence, one sees that the ERR at delamination is different for thin inks (ERR at delamination for 3 µm inks is about half of that for 10 µm inks). It could also be that the higher temperatures encountered for thicker inks result in temperature-dependent changes in the PDMS viscoelastic properties. Our models, being primarily elastic in nature, do not account for these effects and therefore overestimate the ERR at delamination. These results from the FEA model, along with
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A c c e p t e d M a n u s c r i p t huge plastic deformation in the PDMS post at interface edges after printing thick inks, imply that the ERR at delamination varies as a function of the PDMS temperature. Further, videos captured using the high speed camera while printing thick inks, especially 30 µm thickness, show that PDMS post undergoing cyclic deformation around the interface edges during the laser heating. Such cyclic deformation suggests a periodic release of the stored energy in the PDMS at high temperature due to plastic flow before eventually overcoming the interface's work of adhesion, which is also temperature-dependent. Because the model does not account for such plastic flow and temperature-dependent properties of the stamp-ink interface, it computes a higher value for ERR at delamination. However, the model should be adequate for estimating the LMTP process 
Thermal Strain Energy Components
Using the model developed in the previous section 3, one can decompose the SIFs into two components based on the sources of thermal strains: CTE mismatch between the ink and the stamp, and thermal gradient within the PDMS. To obtain the effect of the thermal gradient, the model can be evaluated with both the materials having the same CTE (i.e., 310 ppm/ o C). On the other hand, uninform heating for the ink-stamp stack will eliminate the effects of the thermal gradient within the PDMS post. However, this will introduce thermal strains arising from the boundary condition, restricting the movement of the uniformly deformed PDMS stamp post. This boundary effect is an artifact, since in actual printing, the heat-affected zone is confined to a few microns (< 50 μm) from the interface because of the low thermal conductivity of PDMS. To eliminate this boundary effect, a third model is constructed with matched CTEs and uniform heating. The SIFs along both modes from the three simulations are combined (the SIF for each mode from the matching CTE model is added to that from the uniform heating model and that from the model with matching CTE and uniform heating is subtracted from the result).
The linear combination of the three virtual simulations are compared to the original model output to produce an exact match (see Figure 17 -a and 17-b for 200×200×3 µm ink at 10 A current level), suggesting that the assumption of linearity is valid and that the relative contributions of CTE mismatch and thermal gradients can be studied in this manner.
This approach is then used to study printing of inks with different thicknesses at 10 A current (the same results hold for indicating that it is bending moment form the CTE mismatch load, in mode I direction, is less effective compared to the PDMS bulging due to thermal gradients within the stamp. The thermal gradient effect is also slightly lower for thin inks (3 and 10 µm) in mode I direction. In mode II, the contribution of the CTE mismatch is always higher than that of the thermal gradient strains generated at all temperatures for all ink thicknesses. The results from this decomposition approach imply that the thermal gradient within the PDMS plays an important and a significant role during the LMTP process. Therefore, its high CTE coupled with its low thermal conductivity make PDMS a good stamp material for the LMTP process. Furthermore, this decomposing approach shows the axial stamp deformation and bulging are generated due to the thermal gradient strains (both disappear by uniformly heating of the ink-stamp simulations).
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Conclusions
An opto-thermo-mechanical model for the LMTP delamination process has been developed based on decoupling the optical absorption physics from the thermo-mechanical model physics. A series of experiments was conducted to verify the heating rate estimated from the optical absorption model and to measure the delamination time during the LMTP process for sets of 200×200 µm square silicon inks with varying the ink thickness. Both the heating rates from the optical absorption model and the delamination times form the high speed camera are used as inputs for coupled FEA thermo-mechanical model.
The FEA model was calibrated based on the PDMS post lateral dimension deformation, which was experimentally measured using a high speed camera. The model was then simplified to an axisymmetric model and used to study the LMTP process mechanism. The study has shown that the LMTP process is a mixed-mode process (mode II more dominant) where the critical ERR and SIFs (in both modes) were of equal magnitude for printing the same ink thickness at different laser current levels. However, for printing different inks' thicknesses, the critical ERR and SIFs (in both modes) were dependent on the ink thickness. Given the higher temperatures encountered in printing thicker inks, it is possible that plastic strain in the PDMS at these temperatures relaxes the mismatch strains at the interface to produce the apparent high critical ERR computed for thick inks. This implies that the LMTP process is more efficient and well understood in case of printing thin inks (h s < 10 µm) where the model predictions for delamination time agree with the experimental values. The future work will focus on designing patterned stamps to achieve printing at lower energy and interface temperature by enhancing mode I loading (mode I SIFs is lower than mode II SIFs while the work of adhesion required to break the interface is high in mode I).
The ERR or SIFs at the edge of the interface where the delamination crack originates were decomposed into two components: one due to CTE mismatch and the other due to the thermal gradient within the PDMS. Both components are significant in both fracture directions (mode I and mode II) of growth of the delamination crack, suggesting that both, the high coefficient of thermal expansion and the low thermal conductivity of the PDMS are essential properties for it to function as a stamp material in the LMTP process. printing on a non-uniform array of 500 µm silica beads, (right-top) printing on to a liquid NOA droplet, (left-bottom) a silicon square printed on to a AFM cantilever, demonstrating assembly on an active structure, (middle-bottom) printing on a ledge, and (right-bottom) printing into recessed spaces. (Scale: in all the micrographs, the printed squares have sides of 100 µm) [8] . 
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